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ABSTRACT 


Water tunnel experiments were performed to determine the characteristics 
of rudders with small flaps both in the free stream and behind a propeller. 
The results include plots of lift, drag, rudder moment, and flap moment 


coefficient for a complete range of angles of attack and flap deflection. 
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List oi Symbols 


= total rudder area (flap plus skeg) 


= half width of tip chord @ 20% of tip chord forward of trailing edge 
(see Pig. 2, sketch 9) 


half width of root chord @ same lorgitudinal position 


= length of mean aerodynamic chord a ore rare Seer, 


= drag coefficient = of Au,” 


= 0 
= lift coefficient = L/S av,” 


rel — a. 
= rudder moment coefficient = M/> AcU,* 


= flap moment coefficient = nE/E Acu,? 


= tip chord 

= root chord 

= propeller diazeter, rudder drag 
= propeller efficiency, JKy/27Ky 


= sovable after portion of rudder 


area = rudder area between flap hinge location and ctraiiing edge of 
rudder 


gap = distance between trailing edge of skeg and leading edge of flap 
measured in the rudder plane of symmetry with zero flap deflection 


= U_/xD 


= T/px*p* 


Q/on*p* 


total lirt of rudder 


total mement acting on rudder about stock axis 
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mean aerodynamic chord = c 


MF = moment acting on flap about flap hinge line 


N = pr.peller speed 
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torque on propeller 
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rudder = flap pius skeg 
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skeg = forward portion of rudder 
T = thrust on propeller 
taper ratio = c,/c, 


local velocity vear wall or near splitter plate in water tunnel 


U, = uniform flow velocity weil eway from wall 


u = average velocity of flow over rudder in wake of a propeiler 


x. axial clearance between end of propeller hub and the leading edge of 

the MAC 

' x' = axial distance along chord of rudder, nondisensionalized by a rudder 

2 local chord 

¥, = transverse clearance between propeller axis and rudder plane of 

symmetry 2 = 0 

3 y" © transverse distance along thickness of rudder, nondimensionalized by 

4 a local rudder chor¢ 

4 z = spanwise distance from splitter plate 

4 a = angle of attack on skeg = rudder angle 

q 6 = angle of deflection cf flap relative to skeg = flap angle 


c = fluid mass density 


“ 
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IL. INTRODUCTION 


In 1968-72, a project was carried out ac MIT, to provide the beginning 
of a systematic series of experiments cn flapped rudders [1]. Free strear 
characteristics of a series of twelve rudders with systematic variations 
in the azount of flap area and flap balance were measured. In this series, 
the flap size varied from 20% to 60Z of the total projected rudder area, 
and the flap balance varied from G to 40% of the flap chord. 

One of the conclusions of this study was that flap balacce, while 
beneficial in reducing flap moment, greatly reduced rudder effectiveness. 

It was also observed that the rudder with the smallest flap had quite good 
performance characteristics. If the flap is sufficiently saall there is 
obviously less need for reducing flap moment through balance. It therefore 
would appear that a rudder with a small, unbalanced flap might offer sub- 
stantial improvesent over an all-novable rudder and still be practical from 
a structural poin= of view. The presen: exnerimental program was therefore 
planned to explore this possibility. 

In addition, it is well known that the characteristics of an 7il-movable 
rudder are influenced by the presence of a propeller. However, there is very 
little inforzation avaiiable on the influence of a propeller on the effective- 
ness of a rudder with a small flap, or on the influence of propeller-rudder 
clearance on rudder performance. Rudder tests both in free-stream and behind 


a propeller were therefore included in the current experimental progras. 


II. TEST CONFIGURATION 


Rudder and Flap Configurations 


Table 1 compares the overall rudder and flap configurations of the 
current program to the configurations tested under the previous series 
tested in 1968-72 [1]. The current series has only two model rudders, 
one with a 20% flap, and a second with a 10% flap. These flap sizes are 
either equal to or smaller than any of the flaps used in the previous 
series. Characteristics of an all-movable rudder with the current planform 
can be estimated with sufficient accuracy from the results for zero flap 
deflection fro: either model. 

The geometric aspect ratio of the current rudder series and the previous 
series was seiected to be identical, with a value of 1.4. Other geometric 
features of the current series such as taper ratio and sweep angle eee 
intended to be chosen as optimum values from the program developed and de- 
scribed in [2]. Foliowing exercise cf this program other changes became 


desirable. Each of these changes will be discussed. 


Flap Size 


The reason for the flap sizes selected for the current series is that 
the 20% flap, zero balance rudder was the best of the rudders tested in the 
previous program and the results of that program aroused speculation that 
a rudder with a flap smaller than 20% might exhibit even more favorable 
characteristics than the 20% flap. A 10% flap rudder was therefore added 


to the current series. 


Sweep Angle and Taper Ratio 


The sweep angle and taper ratio of the current series was determined on 


the basis of the lifting surface program calculations given in [2]. The 


AO 


optimum taper ratio from these calculations came out to be, coincidentally, 


identical with that of the previous series, namely 0.66. The optimum 

weep angle came out to be 15° aft compared to 11° aft used with the previous 
rudders. Furthermore the combination of a taper rati>r of 0.60 and a sweep 
angle of 15° of the quarter chord resulted in the trailing edge of the 

rudder being perpendicular to the root and tip chords. Since the flap hinge 


is also normal to the root chord, significant simplification in the geometry 


of the tlep was made possible. 


Sectional Shape and Thickne-_, Ratio 

An NACA 66 profile was selected for the previous tests because its max- 
isun thickness is well aft of the leading edge, which was desirable for che 
large-flap ruaders included in that series. Since no large-flap rudders are 
included in the current program this constraint no longer applies. Az NACA 63a 
profile was therefore selecred for the current series because it should have 
a larger stall angle and higher saximuim life than the 66 profile. 


~— 


The previous series tapered from a root thickness ratio of 0.20 to a tip 
thickness ratio of 0.10 following typical destroyer rudder practice. However, 
one of the reasons given in [1] for the poor maximum lift coefficient of the 
previous series compared, for exazple, to the Whicker-Fehlner data [3] is 
that che latter had a uniform thickness ratio of 6.15. For this reason it 
was decided to adopt an NACA 63,4015 profile, [4]. 

The 63,4015 sections have however been slightly altered in order to 
develop a two-dimensional prismatic flap and flap gap. This permits the 
flap section to consist only of a circular arc leading edge and straight 
lines emanating from the tangency points of the leading edge to the sharp 
trailing edge with a selected trailing edge thickness of 0.20 inches. The 


details of how this alteration was accomplished are described in Appendix 1 
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and depicted in Fig. 2. 


AS a result of this alteration, the final thickness ratio is not a 
constanc 0.15 but in fact varies from 0.1507 ut the root to 0.1562 et che 
tip. A comparison of the original and modified airfoil coordinates appears 
in Table 2. 

Scale 


Testing of rudder and propeller combinations imposes the constraint that 
the models simulate current ship practice in their relation to each other 
and to the boundary which models the ship's hull. We assume in terms of 
propeller diameter, 9, that rudder span is 1.05D, propeller tip clearance 
from hull is 0.3D, and the propeller tip extenis 0.25D beyond the rudder 
tip. Since our propeller drive is mounted in che center of the tunnel, then 
one possible combination would be a 12.5" dia. propeller, and a rudder with 
a 13.12" spaa. This would have resulted in very large hydrodynamic loads 
for our dynamometer and would have been mich too large for blockage of the 
flew. In facc, for some transversc locations of the rudder and at large 
flap deflections the flap would touch the tunnel wall. 

The rudder ecdel tested as shown in Fiz. 1, is 212 smaller than the 
previcus series. Its span was determined by the above restrictions and by 
the availabilicy cf a suitable propeller. 

Propeller 

The propeller used in the current tests is a typical modern five-bladed 
propeller designated as No. 4427 by NSRDC, with a diameter of 7.48" and a 
pitch of 8.03". The design value of J is 0.6. The characteristics of this 
propeller in uniform flow as seasured in the MIT tunnel, corrected for wall 
effects, are show in Fig. 3. Tabulated values of the faired data in the 


regio of the design J appear in Table 3. 
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Overall Test Set-up 

The final form of the test set-up of the rudder and propeller for the 
experiments of this report in the MIT Water Tunnel is shown in Fig. 4. 
aside from the introduction of the propeller, this set-up differs from the 
one described in [1] in two important respects: 

a) A splitter plate is introduced; 


b) The rudder is mounted on a4 turntable fitted into the splitter 
piate so that there is no longer a gap between the root of the 
rudder and the plate against whicn it is mounted. Also, the 


rudder may be moved laterally on the turntable. 


This first change came about because of the reduction in rudder size. 


o achieve the desired propeller tip clearance of 0.3D with the selected 7.48" 
prcpeiier, a splitter plate was essential. Furthersore the splitter plate 
Was expected to reduce the thickness of the boundary layer at the rudder 
which was desirable. 

The turntable was 2 necessary complication since the main dynamoceter 
could not be displaced laterally to provide transverse clearance between 
the rudder and propeller. Provision was therefore made to displace the 
rudder sodel lateraily on the turntable. This arrangement had the undesirable 
result of coupling rudder angle of attack witn propeller-rudder longitudinal 
clearance. Thus, if the rudder is a distance, y,, off of the propeller axis, 
the axial location of the propeller is changed by a distance Yo sina where 


2 is the rudder angie. This change could be compensated for by a corres- 


ponding change in propeller longitudinal position or by cross fairing of the 


in the current tests, the rudder stock location must be fixed relative 


to the cnord of the rudder because it affects both the axial clearance and 
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the transverse positions of the rudder relative to the propeller. These 


dimensions are two of the most important variables whose effects we are 


eager to determine in our tests. It would be desirable to locate the stock 


at the position in which it is likely to be installed in practice. This 
position is roughly that corresponding to zero torque on the rudder stock 

at an angle of attack between 10° and 15°. According to [1], this corresponds 
to roughly 30% of the MAC aft of the leading edge at the MAC for the 202% 


flap rudder at a rudder deflection angle of 12.5° and a flap deflection 


relative to the rudder of 12.5°. Unfortunately, because of structural reasons, 


it was not possible to locate the stock at this point. In the current series, 
the stock is 38.28% of the MAC aft of the leading edge at the MAC. 

An additional complication of mounting the rudder lower in the tunnel 
on the turntable was that ihis imposed larger bending moments on the mounting 
shaft which supports the turntable. To reduce deflections to a minimum 


under hydrodynamic and vibratory loads it was necessary to increase shaft 


diameter to 1.5 inches. This required extensive changes to the dynamometer, 


including anew shaft clamp, a larger hole bored through the measuring element 


and new shaft seals. 


The test set~up allows for the following changes in propeller-rudder 


relative positions: 


a) Axial clearance between the propeller and the leading edge of 
the rudder can be varied continuously between 0.5D and 1.0D 
where D is the propeller diameter; 

b) The transverse position of the rudder can be adjusted so that 
it can be tested at values of y. of 0, 0.5" (0.067D), 1.0" 
(0.134D), 1.5" (0.201D) and 2" (0.268D) off of the propeller 
axis. (These positions correspond only to zero rudder deflection 


angle for all cases where the rudder is off of the propeller axis.) 
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As noted earlier, propeller tip clearance to the splitter plate sim- 


ulating the ship's hull is 0.3D. The rudder extends to within 0.25D of 


the bottom of the propeller. The arrangement of the rudder on the turn- 


table is shown in Fig. 5. The range of axial clearances and transverse 


positions in which the rudder can be tested is more than adequate to cover 


current design practice. 


The previous method for measuring angle of attack on the rudder was 


by a mechanical counter which was geared to the base plate of the dyna- 


mometer. An optical check of this system revealed errors of up to +0.2 


degrees, presumably due to gear imperfections, wear, and backlash. A 


new optical system was therefore designed and installed. A curved scale 


made to order was mounted rigidly on the wall such that it was at constant 


radius from the dynamometer center of rotation. A telescope with cross 


hairs mounted on top of the dynamometer was used to read angle of attack. 


The scale divisions were selected so that angle of attack could be read 


directly in degrees. The accuracy of this system was approximately +0.01 


degrees, which was more than adequate to improve the quality of the data. 


Tke basic rudder dynamometer used in these tests was described in [1] 
by text and photographs, and is unchanged except as previously mentioned. 


Briefly, the measuring system is supported in space by six load cells, whose 


reactions are measured by six Lebow digital strain indicators. These outputs 


provide all the information necessary to determine forces and moments on the 


rudder about any three convenient axes. Hinge moment of the flap about the 


flap axis was measured by a special sensor which also serves to clamp the 


flap at any desired deflection. Four strain gages were mounted on the sensor 


forming a full four-arm bridge to achieve a temperature compensated output. 


This output was read on a seventh Lebow digital strain indicator. A special 
jig was built to measure flap deflection. 

Fig. 6 is a photograph of the MIT Weter Tunnel with the complete 
set-up used for this test program, and showing the instrumentation. Fig. 7 


is a synchronized strobe photograph of the flow interaction between propelier 


and rudder under test conditions. 


Tunnel Flow Calibration 
The velocity distribution in the plane of the rudder was measured 
a using a Pitot-static tube mounted on the propeller drive system. From 


these data, the mean value of velocity was determined to be 9.47% tiigher 


ee LMP 


than for the standard calibration for the test section without the splitter 
plate. The variation of velocity relative to this mean value is shown in 
Fig. 8 to be quite uniform away from the boundary layer on the walls and 

q splitter plate. During testing, flow mean velocity was determined in the 

: usual manner from manometer measurements of pressure taps in the converging 
nozzle, and the result increased by the factor 1.0947. 

: The boundary layer thickness on the splitter plate has been measured 

: both at the propeller and at the rudder positions, and the results are 
plotted in Fig. 9. This thickness wae expected to be smaller than ct the 

{ tunnel wall due to tne shorter length of the splitter plate, the plate itself 
being away from the tunnel wall boundary layer. This was unfortunately not 
the case. The boundary layer thickness was approximately 1.4 inches, and 
the measured profiles, as shown in Fig. 9, were somewhat unusual in shape. 
Subsequent to the completion of this test series, a detailed examination of 


4 . the flow near the leading edge of the splitter plate was made. It was found 


that a substantial region of separated flow existed, thus explaining the 


lack of improvement in boundary layer thickness. Subsequent modifications 


to the leading edge of the splitter plate have resulted in a boundary layer 
which is substantially thinner [5], with a value of boundary layer thick- 
ness of 0.35 inches. The influence of this change in boundary layer thick- 


ness on rudder characteristics is described in Section 4. 
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III. DATA REDUCTION 


Sample test data recording sheets which appear in Appendix 2, were 


used to supply data cards toe the program listed in Appendix 3. Appendix 4 


Appendices 5 
and 6 contain copies of all the data reduction runs for the 20% and 10% 


contains a brief explanation of the data reduction program. 


flap rudders respectively. Appendix 7 contains the data reduction for a 


run with the modified splitter plate having an improved leading edge contour. 
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IV. RESULTS 

Table 4 summarizes the overall testing program. Results of the per- 
formance tests of the 20% flap rudder located on the propeller axis are 
shown in Figs. 10-17. In all tests the tunnel static pressure was at 
ambient atmospheric pressure and on those runs where the propeller was 
operational it was at the design J value of 0.8. Figs. 10-13 show rudder 
performance in uniform flow for ali combinations of angle of attack and 
flap deflection, whereas Figs. 14-17 show the comparison between rudder 
percormance in uniform flow and behind an operational propeller at three 
longituuinal locations. These latter runs are at zero flap angle. 

Data shown on Figs. 6-13 include lift coefficient, C,, drag coeffi- 
cient, Cys rudder moment coefficient, Cr» and flap woment, Cyp. The moment 
data in Figs. 12 and 16 are referred to a phantom stock axis located 51.57% 
of MAC aft of the leading edge. At this point rudder mowent becomes essen- 
tially independent of flap deflection in the aon-stalled range of angle of 
attacks, 2nd all the data collapses to a single curve. The same data reduced 
to an axis 24.88% of the MAC from the leading edge would result in a family 
of curves with shape similar to those of Fig. 16 of [1] and Fig. 20 in this 
report. 

Comparison of Fig. 10 with similar data from Fig. 16 vf [1] shows that 
the current 20% flap rudder does achieve somewhat better maximum lift and 
lift curve slope than the comparable rudder of [1]. Another expected result 
of these experiments is the large increase in lift achieved in the behind 
the propeller condition shown in Fig. 14. One conclusion from these data 
is that rudder selection based solely on uniform flow conditions may lead 


to far from the optimum solution for the realistic behind the propeller 


condit’ 4. 


Figs. 18-20 show performance data from measurements on the 102Z flap 


rudder at all positive flap angles in the free stream and at 0 and 35 degrees 
flap defleccion behind the propeller. Rudder moment coefficients in Fig. 20 
are about a stock axis at 24.88% of the MAC which is the balance point at 
zero flap deflection. Clearly this smaller flap is less effective than the 
20% flap as can be seen in the comparative data in Figs. 21 and 22. Also, 
the Cy, increment for 35° flap deflection for the 20° flap is about 0.43 
compared to 0.41 for the 10% flap. Fig. 18 indicates a Cmax of 1.65 for 

the flap deflected 35 degrees beiiind the propeller. Unfortunately, no 
comparative data was taken for the 202% flap. 

Figs. 21 and 22 compare lifting surface characteristics for the two 
rudders. Fig. 21 has dC, /da and also C; at a=0, both plotted against flap 
deflection. Fig. 22 has C, at a=0, dC)/da and dC, /da? plotted against flap 
defiection. The plotted test values were obtained directly from the data 
reduction program for the tests on the 10% flap rudder by means of DYOOR, 
which is expalined in Appendix 4. For the earlier 20% flap rudder, a 
special program was written to obtain these values from the reduced data. 

In both cases, the data areobtained for data below the stall angle. 

Fig. 21 also has a comparison of these results with theory [2] for 
this rudder geometry (aspect ratio, taper ratio, sweep angle, and flap 
geocetry). For these rudders, the lift curve slope versus flap deflection 
data are nearly identical and they tend to be low at small flap deflections 
but approach the theoretical value [2] of .0547 per degree at larger flap 
deflections. The lower graph on Fig. 21 shows CL at a=0 versus flap deflec- 
tion, whose slope is dC, /dé,. The measured test data are somewhat lower 


than the theoretical values [2] of -03196, for the 20% flap rudder aad 
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-02366,, for the 10% fiap rudder. The 20% flap rudder data is in better 


agreement with theory. 

Another interesting result of the behind the propeller experiments 
is that steady state rudder performance is independent of axial clearance 
downstream of the propeller for the range of locations 0.5D to 1.0D tested 
(Figs. 14-i6). This is in contrast to the unsteady test results of F. M. Lewis, 
who found that very small changes in axial clearance between the propelier 
and rudder could result in a very large reduction in the blade frequency 
vibration force on the rudder [7]. 

One of the most dramatic yet potentially useful results of these new 
experiments is the opportunity they present for observing the flow around 
the rudder downstream of the propeller at a cavitation number corresponding 
to the full scale ship. The impingement on the rudder of the tip vortices 
shed by the propeller can be observed as well as the vortices shed by the 
rudder itself. These opportunities for visual observation may in the future 
help explain Professor Lewis' finding thet large changes in blade frequency 
vibration force on the rudder take place as the rudder is moved longitudin- 
ally relative to the propeller. A pair of photographs showing the influence 
of rudder angle of attack on the location of impingement of the propeller 
hub vortex on the rudder appear in Fig. 23. Propeller tip vortices are also 
greatly distocted by rudder deflections but not at the small rudder deflections 


in Fig. 23. 


Splitter Plate Modification 

After all the present tesi data were obtained the splitter plate leading 
edge was modified to improve the boundary layer. A new leading edge contour 
was built with a larger radius of curvature and extending near the top wal* 


of the tunnel. The result was to reduce the boundary layer thickness from 
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pos 
1.4" to 0.35" at the rudder rocats? A final run was made using the 20% 
flap rudder model at é."0 for which the data reduction appears in Appendix 7. 
These results are . dded to Figs. 21 and 22. Fig. 21 indicates that dC, /da 
for 20% flap at zero flap deflection has increased from .0492 with the original 
splitter plate to .051 with the modified splitter plate. This is in better 
agreement with the theoretical value of .0546. Fig. 22 indicates a lower Cy 
at a=0 of .0127, dc, /da is zero, ani dC,/da? has increased to .00043 for the 


test with the modified splitter plate. 
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V. CONCLUSIONS 


1. The new test apparatus performed well. improvements such is the optical 


angle of attack device resulted in more accurate data. The new data reduction 


: program provided more accurate data from the dynamometer and gave addicional 


hydrodynamic coefficierts directly. 


2 


ee 


bE The rudder worked in a thicker boundary layer on the splitter plate than 


= desired. A later test with a thinner boundary layer over an improved splitter 


a plate indicates that lift and drag forces would have been la.s:r with a thin- 


E ner boundary layer and that lift curve slope would have agreed better with 


theory. 


: 3. Comparing the new test with the previous test for 20Z flap rudders, Ci ax 
E and o ar © wax are in excellent agreement at 35° flap defiection, but at zero 


Zz 
flap deflection the C Max is higher and C Cmax is lower for the new test. 


: In general, at points other than near . .. sta.. the new data shows higher 


lift and lower drag at comparable cor -:ions. ‘!so, dc, /da for the previous 
series ac zero flap deflection was .047; for the .resent series it is .049 


i and with the improved splitter plate it is .051 con »ared to the theoretical 


value of .0546 for this rudder. 


3 4. Placing the propeller upstream of the 202% flap rudder compared to the 


3 rudder in uniform flow leads to three conclusions: 

j a. The rudder lift curve slope is increased from .04¢ 19 .062 

j which would indicate an effective veiocity increment of 12.52; 
b. This increase is constant over the range of longitudinal pro- 

peller locations tested; 
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altuna 


c. Maximum lift coefficient has been increased an additional 

amount by increasing the stall angle of attack by 9.5° 
5. The 10% flap rudder is roughly naif a. ez:-ccive in terms of dC, /e6, as 
is the 20% flap rudder. Maximum lift cc-:fft:ient for the 102% flap rudder is 


only 1.2 compared to 1.4 for the 20% flap ruader, dotn at 5p = 35°. 


6. Placing the propeller upstream of the i. flap rudder compared to the 
rudder in uniform flow leads to the following concl:tons: 


a. Rudder lift curve slope is increased fom .486 to .0606 at 


os 0 which would indicate an effective yeicrity incr-sent of 
11.662 which is approximately che same as for the 2 flap; 


b. Rudder lift curve slope ‘5 increased from .0535 to .0647 at 


6 = 35° which would indicare an effective velocity incremess of 
9.972%. 


7. In general, for an all movable rudder design, a 202% flap would be recos~ 
mended with the flap angle geared so that flap deflection reaches 35° relative 


to the rudder when rudder deflection reaches 20° relative to the ship. 
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Ph le 


Section Shape 


Taper Ratio 


Geom. Aspect Ratio 


Root Thickness Ratio 


Tip Thickness xatio 
Root Chord, inches 
Tip Chord, inches 


Span, inches 


29% Flap Chord, inches 
10% Flap Chord, inches 


Sweep Angle, degrees 


M.A.C., inches 
Area, sq. in, 


Tip Shape 


Location of stock axis 


in 2M.A.C. aft of 
leading edge 


Flap Size and Flap 


balance, % Of M.A.C. 


Table 1, 


Comparison of Current Rudder with 
tested in the Previous Series 


ee an the Previous Series 


Current 
Rudders 


Modified 63,A015 


0.60 
1.40 
0.1507 
0.1562 
7.031 
4.219 
7.875 
1.125 


0.562 
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202 
30% 
30% 
40Z 
42 
40% 
50% 
50% 
50% 


60% 
602 


11 
7.289 
71.4 


Squared off 


variable 


ilap - bal. 
itd 


Table 2. 


Comparison of Airfoil Coordinates 


NACA 63,A015 Basic Thickness Form 


x 


(per cent c) 


(From [4]) 


y 
(per cent c) 


0 

1.203 
1.448 
1.844 
2.579 


3.618 
4.382 
4.997 
5.942 
6.619 


7.091 
7.384 
7.496 
7.435 
7.215 


6.858 
6.387 
5.820 
5.173 
4.468 


3.731 
2.991 
2.252 
1.512 
0.772 


0.032 
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Modified Section Shape 


J-COR 
9.550 
0.560 
0.579 
0.5°0 
0.599 
C.600 
6.510 
0.620 
9.630 
0.640 


ON 45¢. 


» Ow 


0.669 
0.670 
O.550 
0.690 
6.769 
A.719 
QO. 729 
0.736 
Ge. 14Q6, 
6.750 
C.7695 
9.770 
9.7988 
9.795 
QO.°¢C8 
C.F IO 
O.825 
C.736 
9.749 
0.°59 
0.769 
0.279 
9.636 
Of 94 
0.6925 
0.917 
C.826 
0.939 
C2940 
06959 
C.905 
0.979 
O,9er 
Bar? 1a fe 


l een 


Reproduced from 
best available copy. 


ere, 
G.177 
G.172 
0.168 
C.163 
c.159 
"2154 
© e159 
oe 145 
GC.141] 
G.136 
C.132 
&.127 
velZ2 
C.LLa 
©.113 
©.1ce 
C.1S3 
9.6.02 
A.,094 
£089 
0.594 
$.°79 
O.074 


MODEL 4427 


KC 


9.0471 
9.0465 
0.9458 
G.045)] 
0.0444 
0.0438 
0.0431 
9.0425 
C.04128 


0.0356 
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Table 3. 


5-BLADED 


Characteristics of NSRDC Propeller 4427 
as Measured in MIT Water Tunnel 


KT/J#a2 

0.937795 
C.888984 
0.843023 
0.799716 
0.75886 
0.720368 
0.584012 
0.649679 
0.617242 
0.586582 
0.557591 
16530162 
0.504189 
0.479574 
9.456224 
C.434057 
0.412994 
0.392965 
0.373901 
C.355742 
0.33°432 
0.321915 
9.396145 
0.291673 
0.276659 
0.262842 
0.249646 
0.236975 
0.224818 
G.213144 
0.201925 
0.191136 
0.1£07590 
0.170746 
0.161102 
0.151796 
0.142612 
0.134130 
0.125738 
0.117626 
G.LO97TR4 
0.17229) 
0.C6948/0 
0.087780 
0.089924 
0.074293 


Table 4. 


Summary of Test Program 


20% Fiap 


Free Stream CC Oe Ge 


a = -30 to +30° : 
6 = 0,5,10,15,20, 30,35 


L’ D’ 'M’ “MF 6=0 


With Propeller, J = 0.8 C2040. {3 = ~30 to +30 


x. * 0.5D,0.75D,1.00D 


10% Flap 


a 
Free Stxean, Cy Cy Cy E 


= -30 to +30° 
= 0,5,10,15,20, 25,36, 35° 


6 = 0,35° 


rae! a = -30 to +30° 
With Propeller C Cy sly { 
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Figure 1 Planform of the 10% and 202 Flap Rudders. 
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Figure 5 Scheme of the Mechanis= for Testing Rudders at Several 
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Figure 7 Propeller-Rudder Flow interaction. 
(Phocograph taken with a strobe-light) 
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Figure 12 Ruduer Moment Coefficient Versus Angle of Attack for 


20% Flapped Rudder in Uniform Flow. 
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Figure 13 Flap Moment Coefficient Versus Angle of Attack for 
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Figure 14 Lift Coefficient Versus Angle of Attack for 20% Flapped 
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Rudder Downstream of Propeller, 
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Figure 15 Drag Coefficient Versus Angle of Attack for 20% Flapped 
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Rudder Downstream of Propeller, 
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Figure 16 Rudder Moment Coefficient Versus Angle of Attack for 20% 
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Flapped Rudder Downstream of Prope]ler, 
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20% Flapped Rudder Downstream of Propeller, 


Figure 17 
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Figure 18 Lift Coefficient Versus Angle of Attack for 10% Flapped 


Rudder in Uniform Flow and Alsc Behind a Propeller. 
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Figure 19 Drag Coefficient Versus Angle of Attack for 10% Flapped 


Rudder in Unifore Flow and Also Behind a Propeller. 
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Figure 20 Rudder Moment Coefficient Versus Angle of Attack for a 10% 


1 ert oem od oe 
| : { ' 1 , } Sest.amess a | 
1 
vee taRs eR woe 
a : i eerie | 
si j Buy ae awa 
i i | 
Ad ‘ 1 J 
x : * 
« z “ . oo oe 
a ' 
: \ 
wh 
< One ee on macnn vemmenmeenineel 
— , 6 
: « rer ae | some 
ae) “ 


Dh at i Sl a a 


GO 20% FLAP 
Oo I1O%FLAP 
Ho 20% FLAP, NEW SPLITTER PLATE 


AC, |e 


Cz AT XH=HO 


r@) S /0 15 20 2§ 30 35 
FLAP DEFLECTION ~ DEGREES 


Figure 21 Compariscn of Flapped Rudder Airfoil Data with Theory; 
Cc; @a= 90, dC, /da . 
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Figure 23 Photographs Showing Effect of Rudder Deflection on Propeller 
E Hub Vortex Impingement on Rudder. 
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Appendix 1 
Modification of the Rudder to Simpli:» onstruction 


The rudder geometry which has been chosen has a constant chord flap. 
To simplify construction, it was decided to make the flap and adjacent 
skeg surface exactly ~vo-diseneiunal. Due to the taper of the rudder, this 
required a modification to the airfoil section for both the tip and the 
root. The NACA 63,A015 section which is the basic airfoil chosen has a 
straight line section from 70% to 100Z of chord which made modification 
easier. 

A program outlined in the following paragraphs is written to modify 
the 63,A015 section to produce the tip section and the root section needed 
to meet the above requirement. The output of this program is tabulated data 
in a form convenient to the machinist-model maker who machined the model 
from 6061-T6 aluminum alloy. In particular, 230 spanwise cuts are specified 
along straight lines connecting points of constant percent chord at root and 
tip. The final machine marks are small and are removed by polishing the 
surfaces by hand. The resultant accuracy of the rudder surfaces is very 
satisfactory. Roughness does not exceed 0.002" and the tolerance of the 
oiisets is smaller than 0.005". 

Modification of the tip foil section by numerical methods is accomp- 
lished in the following steps: (the sketch2s referred to are shown in Fig. 2) 


a) Begin with the original 63 AO15 profile which has a finite 
trailing edge thickness (see sketch 1); 


b) Frum this section a wedge is removed centered around the plane 
of symmetry of the section leaving a sharp trailing edge: (see 
sketch 2) 


son ne tain eon P 
i 


c) 


d) 


e) 


Y} ™ ¥g ~ 0.032 + x’ O<x'<il (1) 
where Yo = non-dimensinzal offsets of 63,4015 section 


Straight lines that form the trailing edge of the last 25% chord 
are extended beyond the trailing edge so that the last 30% of 
the new chord is linear (see sketch 3); 


A new wedge is added to remove the negative thickness from the 
previous step and the abscissa is rescaled to go from 0 to 100%. 
This foil now has a sharp trailing edge (see sketches 4 and 5); 


A wedge is then added to bring the trailing edge thickness on 
model scaie to 0.020" (+0.010"): (see sketch 6) 


0.010 
c 


tara 
y, aa t 


ex! . (2) 


As shown in sketch 7, root and tip sections differ in the flap 
region. The root section is therefore next modified to be iden- 


tical to the tip section between 70% of tip chord and the trailing 


edge for this model with a 0.60 taper ratio. (Other taper ratios 

than 0.6 would require a similar procedure and would result in 

other profiles.) These steps are as follows: 

1) The 63,A015 foil trailing edge thickness is removed by sub-: 
tracting a wedge and then brought to 0.020" thickness by 
acding a wedge: (see sketch 8) 


a YS - 0.032 - x’ +200. x’ », O<x' sl 


r 

2) Compare the root trailing edge wedge with that of the tip 
to evaluate a ratio, N=a/b (see sketch 9), by which all 
coordinates on the root section could be multiplied to 
make the trailing edge angles of root and tip identical. 

3) Reevaluate the root foil with a sharp trailing edge, then 
multiply all ordinates by the ratio N: 


QO. 
ee oe » Oxi <1 ; (4) 
yoy, °N , O<x'<1. (5) 
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4) The last step is to bring the trailing edge thickness at 
the root to 0.020": 


0.010 
ef car oe , O<x'<1. (6) 


Table 2 shows the comparison between the original NACA 63,A015 coor- 
dinscec snd the corresponding coordinates for the tip and root sections on 
the current flapped rudder models, modified in accordance with the preceding 


steps. 
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Appendix 3 


Program Listing 


47 *NEBN LtewiS* eCLaSS=serkc GION=e1 29K 


ZOMITID USEw=(ML] Fiwexs3eee eSEKAMDEM) 
7eSNT LON 


JeMAIN TL4e=} 
FFCV IN Fae PuseCou 
JICOSYSIN De YoedCn=4tLK51 76 =2000 
c MKS AUDDOM CYNAMUME TCR DATA REDUCTION PHUGRAM KERWIN/LEWIS/OPPENHEIM JU73 

INTESEWR ASS eGL AK 

WE SE Me eM MIU ML eMZ0 oMFL AMO MAC 

TOR NSLONW Ft £20) eZ (2) 025 (70202) oLZF (2) eNTAP (40) sNFLD (40) ce ANOM(G 

19) ANU (40) oS (4007) ot (w00 7) 0DZ1 (792) 0CL 1490) CD (40) C4160) CPL (40) » 


2CV (403 eC (00) 0 VC (5) ot (5) oF M62) 0 C07) eCLU (40) e CLS (40) eRN(40) oe SI (4 
39) eCul~u) 


VAIS CVF PSeTVENT(2317" CPL Ye IDENT (2637" CY &/ 
NATE VC745 3 1461 027 e6008400 901600 062) 0G (3B VES. 493530050 0472400 
DeDNF Je e er eowSSIENOSeGLA SE OF 
WEB (mR foster (Cv) oN=le 7) eo SalST oSrtkl tT 
10@ FueVvalt7Faeseedh 1265) 
! DEAD Cm Tol-t 4) CIQENT (ON) eN=E0 1G) 
193) © FAT (hme) 


WES (e+ Lehi) Jt oNwT oN TT eArE Ae SPAtioMAC o XMAC oe ZMAC eAZL eDYCORe VEL INC 
FOS ETF, Lelool eek Vet oF Be Sek be MeF Ee GeF Beek Uo 2 oF Gee Be4) 
IF (Se aete et) SU TU v9 


RANT) Sa lee UNGCHKONTT 

SCLC =zL LOAN w92-] 3. Jt Hora 

FeCl = beens e0G07] NNT 

Fr (2) 52663076", UGC IJOONWT 

weITe (400 9G) Cf ub eh (i) eNt10145) 
PON FF OMAT COL eRe LAAGS/I (Re PL APPEL RUDDER INPUT DATA®//3K0"OF &e3Ko! 

LTP eo 2ret TT eure tanh At cate SSOANS oD 0 PMAC® OX eo *XMAL 8 eX e OC 2MAC! COXe PA 
CLL ewhe UIE Ie ocho PVEL INCE) 
WOLTE (Yel oe iF ot Te NT Te Att Ae SPAN e MAC o XMAC 0 ZMAC CA7L eDYCOMS VEL INC 
Fawr ET (Fo. Lelwe LeeF ve 2eF Rr, SeF Be Sek GebeF BeGoFk Bo lok 9e4eFBe4) 


wyC ws, . 
DyCheasultl 19SEPT3 
TE (CDyCow et Teolued) Gu T-) 30 

DYCAM=K8, 19SEP73 
DYCw=t0,9 

wy Clwse 

DESN(RLeLOL CLICK ce CC7 ECM eb em) hele?) oM=Lo7) eK=le2) 


FON SET (F Se ehh OF DV ek MO Vek De oF oor DoD ok Oe OeF D0 oF OD oF SOF 4.00 
LFS Gok week Suef #0) 


aw ITe (400e%)) 
20) FOWMAT(se* /EPO READINGS de FORE AND AFTERO79 ANOW JEN 1-R 2en 
I Con ge Jor “oN Gort 5S-N ook 6-N Aor TON Tore) 
SH TTE CO De PG) C7HERD oO CLZE (MeL eK) oh zl eZ) oM=le 7) KE} 02) 


130 


we 
191 


APV® FOWMAT (AUF a Doel chek eee (Kok oe0) oB(2RKO6&.0)7/)) 
APT TE Ce De dL ICUND eN=zLe 7) eo FALSTeSHaFt 
212 Fqum.t ye Cele LOS/CUUNT L=%eF 7.50% 2E% oF TeSe® 3E%eFTeS0! GEt oF 
T7ed © SE% eh 1.5 08 CHF eK 750% TE% OF 7.507% TwISTxe eF 7.40? SHarT 
CNT Mest eF PA e® Tae") 
aW ITE (2 3e2%¢) 
P02 FilwmaT( /* INPUT DATA ad KECORDED*7* FTF ANOM ANGLE Ss 1 


1s e Ss 3 $s 4 Ss s Ss 6 Ss 7) 
0 2 Jsleau 


JT=J-} 
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102 


2u3 


ar 


205 


795 


(cont.} 


READ(K Pe LuZiNT ar (ys) eNFLI (J) © ANOM (J) aANGL (J) 9 (SC Jo) oR 1 Som) oma} oT) 
FORSAT (I oel bef Sed of Te2e2ke Al oF BoZohl oF BedoA) oF Be2eAl oF Be2eAl oF B.20 
TAloF secetleF AO) 

TF (4NOM(J) 61 2.9.0) 6O TO 3 

av ETE (RU ec 3} TAP (5) oHFL O05) oANOME JS) oANGL (J) 0 (S 6 Jo4) 02 ( Jom) mz) eT) 
FOWMAT( LA] ZelloF6eueF 7Te2eckol(AleFHs002K)) 

6 TO 39 

HUG=1L ESC ITH1) 

9 hot We Oe 9 

ND &© Yzle7 

NO & Lezle2 

HZTCMoL F272 LT CmMeL eld) —ZI ‘4b oe) 2 CRUG 

OH 7 yepeyt 

IF C.s.b.1) vd TU & 

TF (TBP (52.900) Tar (yy) sear (uel) 

TF CesFLu€ 5) erie) HFLUC I) SENFLD (Ue)? 

ens ye] 

BNO (GG) tanuy (J) 7M CL) asiCeu ls 

ANGL (J) sA-vist, (J) 626 

ty) 7 wzle? 

IF (SCL 4) e+ scLawan) -O 39 27 

TE (SC ye) 2& cL AWAD Slot) =56 Jo] om) 

TFS C de) oe 685) GO TO & 

QC SeMI=AB( JoMD—7L (Helo lesUGrU7I (Mel]) 

oG Tip 7 

Bl Semi sow sot) o2L (Mele) F1350D7I (402) 

49 Ta 7 

wh SoM amr Je) o1)7E (MeL) YF 

Cot INE 

e2TTE (<9 2A) CFE eT (NW) ote=bolad 

FOVMAT COL ep sel mauss/) 

we Te (RDe7 15) (Tb 6S) ote LI (5) eANUM( J) eANGL (J) oe (RO UeM) Male 7) go JItleJd 
17) 

FOQwraT(e INPUT Vala CONNECTED FUR ZERU READINGS AND SIGNS*/ (136 
LTlleFoeucet efecto ll U.e)) 

er ITE (ek de707) CIIENTON) eNtbe 38) 

Fe tale tetrelsavss) 

1§ (OvCOre Te 9A,) OD TO of7 

aw [TTF (500587) SIC oe 

FOI FaT EL ee PUT CIIEO OFA, OSS) 

ao Tu +47 

ae PTh fe 0557) 

Fobvstil/xeturCu~ ly se fnG COMPUTEUTS/) 

ew TTé (erie 7) 

eOweeyTie eeF  arPPEU AUNDE RN DATA wENUCTIUN®@e!s/¢* ALPHA FxeLB 
1 FZ-Lm vVhef id AZINE FXO-LA FYO-Lés F70"-L3 MXON-INLA MY 
AN|WINLE Mlun- Toes VYOFL Am INLS VEL WF RPS?) 

GE ACEH ALS ( 1793, 97 S9SEKO (67. 5832/NTT)) 
Py ~ Jopeyl 

TaeTarey) 

TF (Pet Tele mweleb7.5) GO TO 99 
=F LC) 

IF (" oh Teds woh euled) Ou TO ” 

“MIG=VE CT) 

V2 CANO4C J) OF MIR) OSCALES (VC UE) Onet0) ) ©OdUGO (1 Ue VEL ING) 
FYrbFT=0.,.00I27¢S4AF Tee peyee? 
FiesleCthies tyel)d 
FaANKEtC (2) e830 502) 
FRO! IEC (5) O~ Fe 5) 
FROIG=C (wo) OK f Jee) oF YHAF TON 61477 


19SEP73 
19SEP73 
19SEP73 
19SEP73 
19SEP73 
ASSEPT3 


19SEP 73 
19SEP73 
19SEP73 
19SEP73 
19SEP73 
19SEP73 
19SEP73 
19SEP73 
LOSEP7T3 
19SEP73 
19SEP73 


2uUB 


FROZDEC 19) Om (05) OF MAF TOO. 1677 
FAUXO=C (6) 94 (506) oF YHAFTO0.1 7065 
FXt—F rx 

FY =F 5UXG-F HOURS -F gUKO 

F Z=-F UUX LF ROA? 

MK=6 67259 (FHOK] OF BOR) 04,0627 (FRORS~FBOXG) 
“Yoel. O-ryi8?8 

42217 U3 OF IA hH 6, 725° Ox $23.59 (FOR OF OURS) 
BAT=(ANGL C1) oAZL-DYCOK) 00.1 76532 
SECs EST aloe) 

COO IVECO a (Hw 4T) 

FROSF R°CU( J) oF 27°55 (5) 

FYNZFY 

F2N=F LeCul sy) -F cS 504) 
MENZSMR®CUL FP OM7OenT (Yy) 

MyQ=sy 

MINZMZ¢CUl SP 4 OSE Oy) 

MPL BPS (907) 9C (7) 

ANGE (sb samot (2) eMvOsT a yt 

STE=S }-6 (at 69) 0663 245492) 

COE HCOS (8% 03t3 (3) 900174542) 


er ITE (RD eet) BNGTVOS) OFX oF 24K 042 oF ROOF YO oF 20emMKUeMYO oMZ00MELAP oy 


FOS4ETCLIE Se 20F L3eeeF a2) 
W156 .SOInl CANE APY OO2/ 1466 .u 
Cth Cyd se Pusey 
CLSDOIM=ACL (CD eo? 

COCCI SF RUseey 
CLOCSV ACL (5) 2COO DD 


CC IV =4VO/S *Symale (CL 09) OCureCU( 5) SIE) OXMAC/MAL » 


ISTE} ©2MaCsucc 

CPL C9 = (YEO 7F ZO) 752% 

CVOCSVSEY Is9 65 

WoC SJ) Sv %ae oe 

Cor (5) tb i BOs IVS/4AC 

erETe (4Ger-@) CL EMT Or) oNZb9] A) 
FOCMAT COLO exe] nde ss) 

TF COrCusteuleyt.) GO TO win 

a4 ITE (x de3u-) DYCOR 

FOWMET CL TAs *DYCUSE 8 of Blass) 

40° TO aha 

oh LTE (oes t~) 

FOMVETIL7 > o85Y¥CuS 1S BEING COMPUTED? 7) 
wr ETE Cdr e Stim) 


Faomat,¢ S°FLASPED BUDDER DATA [fh NON-DIMENSTONAL FORMeetss¢« 
21 Bes Cc cod cM Cert cy L70 


? Cis 3) 


SP ETE CRU 0 259) CONUS) CL EI) 0CO CS) 6 CM0 43 CPL (J) CY CS) oCLD (J) CHF EY) 
TePN (5) CUS. (Sd ee Jz e JT) 


2n9 FOMYAT(F 2 oF 7, 30h Boe SF To Sef Ge 4 oF Be Ie OKOF 20%) 


YS 


etl 


311 
411 


99 15 Jeieur 

S°GBD (ID ZAMS 05) OO. 019A COAWEASCL (9) 
COII)=CO 031 00.000 3625eanEaele (yp ee2 
CLOUsECECII/CO I) 

WRITE (0021) CIDENTON? Nelel6&) 
FOMMATC OS esi re) nacss) 

IF (OYCOH.GT.9AR.) GO TO 4)}} 

weiTeE (KOe 313.) OYCUR 

FORMAT EL 7x ef DYCO2E* FR 4/7) 

60 TO «ll 

SPITE (KO05})}) 


(CL (Jd °CNE-COL Ue 


RN®10ee<6 


19SEP73 


LOSEPT3 
LISEPT3 
19SEPT3 
I9SEPT3 
19SEP73 
19SEP73 
19SEP73 
1LYSEP73 
19SEP73 
19SEP73 
19SEP73 


19SEP73 
19S€P73 
19SEP7TS 
19SEP73 
19S€P73 
195EP73 


MANDAN 


/ 


ix 3 


Concluded 
SIL FONMAT(L74¢*DYCOR I> BEING COMPUTED!/7/) 19SEP73 
O1L wRITE(KO071}) - L9SEPT3 
711 FORMAT(# PRIOR DATA CORVECTEO FOR TUNNEL INTERFERENCE * 77° AL 19SEP73 
1Pma Cu co Ca CPL cy t/0 cur RN®P108G-6 19SEP73 
Pd cLSae) 19SEP73 
aQ ITE (R00 29) CANGO EY) oCL (J) COCKS) 0 CCS) CPL (5) eCY (J) eCLOCU) oC (J) 
DeBRN( J) 0CLS.265) eJ=be JT) 
TF (OYCUr.E 3.000} vl TO i 
OC 31 yselbels 
M=J 
TFC 3.61.0) Vises 
B( Jel) =1.49 
Al Jed) AND CM) 
Q1 AtJo3 =CL¥} 
CALL PTILSO CB owsSelSe2exFQwje) 
SL=b45 (2) 
wrITE (Seclod mesh) ort (2) 
216 FIPMATISSS///7/° CL COEFFS* e2F 12.6) 19SEPT3 
00 32 J=lels 
as} 


IFC 3eGT 298) vYosed 
BC Je}d=129 
AC S02} =ANG 04) 
RG Se 3) SENG 64) 0927 
32 Alje4) =Cu() 
CALL PILS2(S e845 01 Se JeKkKE RAIL) 
IF (MYC we etse 20} UYCORES 7. 296ORNS (2) /SL 
DvCIssusCo~ 
PITT e (Meh 3d (450) oM=] 0 3) oUYCOR 
IF O*YC5.F 3,0) 69 TO 1 
13> Fo~vaTee CO COEFFS* e3Fleobe?® DYCOW* oF 12.5) 
myYCOR =H YC +o} 
IF (¥Coret 2.0) 6D TU t 
GO TO 33 
oY STae 
Cr 
SUBAULTIWE “TLS Chet enEQeNINeKERROR) 
bh IS TE vatelan OF COEFFICIENTS wIT NEQ EXUATIGNS (ROWS) &ND MUN COLUMNS. 
MUNZNUNS] Tetetusie OF UNKNOWNS PLUS ONt. RIGHT HAND SIOE IS IN THE LAST 
COLUMN OF a . A ARE T4E RETURNED SOLUTIONS. IF KE@R0R .NE.O0 THE GAUSS 
WEDUCTION <cSN*T SUCCESSFUL 0 MSOZNUN®C2 « DIMENSIONS: A(NEQeMUN) oR (NEO) o 
&¢mS4) 
DIMENSION 261500) oh (4) oh (26) 
MLtSNUNe } 
MASU=ANUNOO A 
09 i Mtlewi% 
OO 1 tl oN: 
Lote (Map) ey IN 
A(L120.0 
00 , Jaleo ta 
A(LIZG(L} oA Jo) OAC eh) 
DO 2 M=LeNUN 
#("3=U0.0 
0 2 Neleheo 
(MD si (6M) OAC NOMUN) CAIN GM) 
CALL SI) (Rh eR eNiINSKERRDR) 
RETURN 
END 
Me SVSI's OD SeUCK=EHLKSIZE=2N00 
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Appendix 4 
Rudder Dynamometer Data Reduction Program 


Appendix 2 shows sample data sheets used as input to the data reduction 
program. The first line (card) contains whatever identification is useful. 
The second card has inputs for room and tunnel temperature necessary for 
tunnel water speed and density determination; also rudder dimensional data 
needed to determine airfoil characteristics in coefficient form and Reynolds 
mumber. XMAC and ZMAC are used if it is required to transfer the axis of 
moment coefficient data along the rudder chord or normal to the chord respec~ 
tively, relative to the dynamometer axis. AZL is used to relate the dyna- 
moweter measuring axis to the rudder chord. 

DYCOR relates to a modification to the data reduction program to correct 
data taken on a symmetrical airfoil to make the drag curve symmetrical. It 
corrects for an assumed fault in the dynamometer geometry which results in 
cross-talk between lift cad drag measurements. When applied to flapped 
rudders, a zero flap deflection run will be used to compute DYCOR. If 
99. {s entered under DYCOR as in Test 7 under Appendix 6, the program will 
compute DYCOR and the result appears on the fifth page of data reduction. 

On subsequent runs for flap deflections other than zero and including pro- 

peller runs this value of DYCOR will be entered and the appropriate correc- 
tion will be made. For example see any other data reduction runs in Appen- 
dix 6. 

The following entries on the data sheet are zero readings before and 
after ‘the run. Yhe program uses these values to correct the load cell raw 


data for zero drift hy linearly interpolating between the before and after 


zero values. 


ep " 


A calibration card precedes all the data runs. The values contained 
on it are printed out by the data reduction program, following Cel2 lbs/ 
count. The first seven values are in fact the values used to convert 
digital indicator readings to pounds. Twist is related to shaft stiff- 
ness and used to correct the angle of atcack of the rudder for shafe twist 
due to moment MY. 

The main body cf the data sheet has columns for the following: indi- 
cation of static pressure taps and fluid being used; manometer xeading due 
to velocity; rudder angle of attack; and then seven columns of data for 
load ceil output on the digital indicators. The first six are for the 
rudder dynamometer load cells which read the total reaction from the rudder. 
The seventh is the output of a flap hinge moment sensor when used. 

Tke tabulated output of the computer program requires five pages if 
DYCOR is not being computed. The first page repeats all the input data. The 
second page contains input data corrected for zero readings and signs. The 
third page contains forces and moments about the threc axes in pounds and 
inch pounds and water velocity in feet-per-second. The fourth page gives 
all the rudder data in coefficient form tabulated against rudder angle of 
attack alpha. Lift-to-drag ratios and also Reynolds numbers have been 
computed for this table. On the fifth page are the final data corrected 
for DYCOR and for tunnel wall effect. At the bottom of the fifth page are 
lifting surface characteristics calculated by DYCOR: next to CL coefficients 
are C, at a=0, and dC, /da; next to CD coefficients are C, at a0, dc, /da, 
and dC, /da*. The final value is the numerical value of DYCOR in degrees. 

Tunnel wall corrections for the resuiting test section dimensions and 


model size, found in accordance with (6] are: 
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no IM PR RN 


do = 0.9618 « c [deg] 


é 2 
AC, = 0.01674 C, 


Typical value of Ao «si the hizhest lift is 1.3° and this amount is added 
algebraically to the measured value. Typical corresponding value of Ac, 


is 0.032 and again this amount is added to the measured drag coefficient. 
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